Abstract. In the mammalian ovary, more than 99% of follicles degenerate without ovulation and few oocytes ovulate and succeed to the next generation. Granulosa cell apoptosis plays a critical role in this process, follicular atresia. However, the molecular mechanisms responsible for the regulation of granulosa cell apoptosis have not been clarified. Death ligand and receptor systems are major apoptosis-inducing factors. This review describes the granulosa cell apoptosis via death ligand and receptor systems during follicular atresia in the porcine ovary.
he mammalian ovary contains a huge number of follicles at birth. However, the majority of follicles undergoes degenerative process and less than 1% of follicles survive and their oocytes ovulate. This degenerative process, called "follicular atresia", has long been understood to cause a loss of granulosa cells. Flemming [1] first observed apoptotic granulosa cells in 1885, but did not understand their physiological role. In the early 1970's, John Kerr noticed that some hepatocytes develop a small rounded cytoplasm containing pyknotic chromatin [2] . He called this phenomenon shrinkage necrosis and named the type of cell death "apoptosis". The histological features of apoptosis are : (i) condensation of the nuclear chromatin into a sharply circumscribed mass; (ii) swirling of nuclear and cellular outlines; (iii) fragmentation of the nucleus and cell, and production of membrane-bound apoptotic bodies; and (iv) phagocytosis of apoptotic bodies by macrophages and cell death. In 1991, Tilly and Hughes suggested that granulosa cell apoptosis, at least in part, involved the induction of follicular atresia. They found granulosa cells with DNA fragmentation entering into apoptosis in atretic follicles [3, 4] . Since then, numerous researchers have attempted to confirm the primary trigger of apoptotic stimuli and the intracellular signal transduction pathway engaged in granulosa cell apoptosis during follicular atresia. To date, many apoptotic factors involved in follicular atresia, including cell death ligands and receptors, pro-and anti-apoptotic factors, growth factors, and cytokines, have been identified.
In pigs, there are 5 million primordial follicles in postnatal ovaries but less than 0.14% approximately 1,600 of all primary oocytes ovulate [5] . Sows have a complete estrus cycle, a clearly defined follicular phase and luteal phase, and many follicles of different stages and sizes because of a lack of follicular waves' unlike domestic ruminants [6] . Follicular atresia can occur at any time during the growth and development of follicles [7] [8] [9] . In the porcine ovary, apoptosis is induced in granulosa cells located in the inner surface of granulosa layer, but not in cumulus cells, oocytes, or inner or extra theca layers in the early stages of atresia [10, 11] . In the progressed stages, most granulosa cells undergo apoptosis, the basement membrane is broken, and apoptosis is induced in theca layers and cumulus cells. Thus, apoptosis is induced by the neighboring granulosa cells. However, the molecular mechanism of apoptotic signal transduction is not well understood. The present review focuses on the role of cell death ligand and receptor systems during the atresia of antral follicles in porcine ovaries.
Cell Death Ligand and Receptor Systems
Death ligand and receptor systems are the most important apoptotic signal transduction pathways (Fig. 1) . When cells receive a cytotoxic signal from cell death ligands, apoptosis is initiated by the binding of ligands to specific receptors located on the cell membrane. Death ligands and receptors include tumor necrosis factor alpha (TNFα) and its receptors (TNFRs), FasL (also called Apo-1 ligand or CD95 ligand) and Fas (Apo-1 or CD95), tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) and its receptors (TRAILRs), and so on. These death ligands belong to the TNF superfamily and are classified as type2 cell membrane proteins, whose extracellular domain can also be released as a soluble form [12, 13] . Death receptors belong to the TNF receptor family and are classified as type1 cell membrane proteins. Death ligands mediate cell death signaling via death receptors that contain a cytoplasmic 68-amino acid motif essential for the induction of apoptosis, called a death domain (DD) [14] [15] [16] . When the death ligand binds specific receptors, the receptors are trimerized, and DDs are oligomerized. The oligomerization generates a homophilic interaction with DD-containing adaptor proteins, such as Fas-associated death domain (FADD). The adaptor protein in turn engages an initiator caspase, such as caspase-8, leading to subsequent activation of an effector caspase, such as caspase-3, that executes apoptotic cell death [17] . Some death receptors have decoy and/or survivalrelated roles not associated with the induction of apoptotic signaling.
TNFα and TNFRs in Granulosa Cell Apoptosis
TNFα trrigers both pro-survival and pro-apoptotic signals (Fig.  1) . A multifunctional cytokine, TNFα exerts its effects by binding to either of two cellular receptors, TNFR type 1 (TNFR1) and type 2 (TNFR2). The effect induced differs depending on the combination of receptor and adaptor protein. The major difference between TNFR1 and TNFR2 is in their manner of signal transduction. TNFR1 has a DD in the C-terminal region that transduces apoptotic signals. TNFα binds TNFR1, and recruits TNF receptor-related protein (TRADD) via the DD. TRADD can recruit two adaptor proteins, FADD and TNF receptor-associated protein 2 (TRAF2). FADD interacts with procaspase-8 and initiates apoptosis. On the other hand, TRAF2 recruits cellular inhibitory proteins (cIAPs) that have an anti-apoptotic role. TRAF2 also activates nuclear factor κB (NFκB)-inducing kinase (NIK) and N-terminal kinase (JNK), which promote cell survival and proliferation [18] [19] [20] [21] . TNFR2 has no DD in its intracellular region and recruits TRAF2 directly via its N-terminus (T2bs-N). TRAF2 induces strong NFκB and JNK activation [22] . Many types of cells co-express TNFR1 and TNFR2, which co-operate to generate responses to TNFα.
Kaipia et al. [23] detected an increase of apoptosis in antral follicles of rat ovaries stimulated with TNFα and concluded that TNFα is a potential causative factor for follicular atresia. PrangeKiel et al. [24] showed that TNF induced both cell proliferation and apoptosis in primary cultured porcine granulosa cells. In healthy follicles, Nakayama et al. [25] detected intense staining for TNFα and TRAF2 and their mRNAs in the outer zone of the granulosa layer, where many proliferating cells but no apoptotic cells were observed. In atretic follicles, however, decreased or weak staining for TNFα and TRAF2 and decreased expression of TNFR2 were found in the granulosa layer, where many apoptotic cells were seen. These findings indicated that TNFα has an important role in the induction of pro-survival/proliferating signals in granulosa cells during follicular atresia in porcine ovaries in vivo. More investigations are needed to clarify the pro-apoptotic role of TNFα in porcine granulosa cells. 
Fas Ligand and Fas in Granulosa Cell Apoptosis
The FasL/Fas system is the best characterized death ligand/ receptor system (Fig. 1) . Fas ligand and Fas induce apoptotic signaling in both normal cells and tumor cells. In mutant mice (lpr/lpr; lymphoproliferation) lacking a functional Fas, abnormal ovarian follicular development and increased numbers of secondary follicles were observed [26] . In normal mice, the injection of an agonistic anti-Fas antibody induced an increase in the number of atretic follicles. Moreover, studies in vitro showed that Fas mediated apoptosis in cultured granulosa cells, luteal cells and ovarian surface epithelial cells [27] [28] [29] [30] . As described, FasL and Fas may be involved in follicular development and atresia. FasL and Fas are expressed in mouse [31, 32] , human [27] , rat [33] , and bovine [30] ovaries. However, their expression in vivo shows species-specific differences. In atretic follicles of bovine ovaries, FasL has been detected in the theca layers, and Fas, in the granulosa layer [30] . In rat ovaries, Fas was scattered in the granulosa cells of early and progressed atretic follicles, and no FasL was observed in the granulosa cells of healthy antral follicles [33] . In murine ovaries, FasL protein was located in granulosa cells and Fas protein was expressed in oocytes [32] . The precise role of the FasL and Fas system in follicular selection has not been revealed yet.
To determine the role of FasL and Fas in follicular atresia, we examined the expression of FasL and Fas mRNA and protein by RT-PCR and western blotting and the distribution of FasL and Fas by immunohistochemistry in the porcine ovary [34] . Levels of FasL mRNA and protein were very low in the granulosa cells of healthy follicles, and increased during follicular atresia ( Fig. 2A  and B) . FasL was not detected in the granulosa cells of healthy follicles (Fig. 2C) . Levels of Fas mRNA and protein were low in the granulosa cells of healthy follicles, and increased during follicular atresia ( Fig. 2A and B) . Staining for Fas was weak in the granulosa cells of healthy follicles, and found in scattered cells of the granulosa layers of atretic follicles (Fig. 2C) . We investigated the effect of FasL and Fas downstream cascades on granulosa cell apoptosis during porcine follicular atresia. The mRNA for an adaptor protein, FADD, which has a critical role in intracellular signal transduction, was expressed in granulosa cells at all stages [35, 36] . To confirm the activation of caspases during atresia, we used caspase-specific colorimetric peptidyl substrates. Key enzymes of the caspase cascade, caspase-8 and caspase-3, increased in activity during follicular atresia (Fig. 3A and B) . Moreover, activated caspase-3 was detected in granulosa cells but not cumulus cells of atretic follicles (Fig. 3C) . Recently, an anti-apoptotic factor, cellular FLICEinhibitory protein (cFLIP; also called CASH, Casper, CLARP, FLAME, I-FLICE, MRIT or usuripin) was detected in healthy porcine granulosa cells and inhibited the activation of procaspase-8 by binding the DED of procaspase-8 or FADD in cultured granulosa cells [37] [38] [39] [40] . Over-expression of porcine cFLIP inhibited anti-Fas antibody-induced apoptosis in human tumor-derived granulosa cells (KGN) [41] . X-linked inhibitor of apoptosis protein (XIAP), which suppresses caspase-3, -7 and -9 activities, was also strongly expressed in granulosa cells of healthy porcine follicles [42] . Moreover, Insulin-like growth factor-I (IGF-I), a well-established growth factor, prevented cultured bovine granulosa cells from undergoing apoptosis in response to FasL [43] . These findings indicate that many anti-apoptotic and pro-survival factors were expressed in healthy follicles. In early atretic follicles, the FasL expressed in the granulosa cells binds to Fas, which is expressed in the neighboring granulosa cell membrane, and subsequently, FADD and procaspase-8 are recruited. Procaspase-8 is shortened and activated. The activated caspase-8 transmits an apoptotic signal to effector caspases, such as procaspase-3. Finally, apoptosis is initiated. The granulosa cell apoptosis seems to depend on a delicate balance of endogenous anti-apoptotic/pro-survival factors and apoptotic signals via the FasL and Fas system.
TRAIL and TRAILRs in Granulosa Cell Apoptosis
TRAIL, initially identified as a homolog of TNFα, binds to an unusually complex family of receptors: apoptosis signaling death receptor (DR)-4 (also called TRAIL-R1), DR-5 (TRAIL-R2, TRICK2, or KILLER). Decoy receptor (DcR)-1 (TRAIL-R3, TRID or LIT) [44, 45] , and DcR-2 (TRAIL-R4) [46, 47] . The latter two have a higher affinity for TRAIL than death receptors (DRs) and compete with DRs, and osteoprotegerin (OPG) [48, 49] . DR4 and DR5 contain an intracellular death domain (DD) necessary for inducing apoptosis upon TRAIL-mediated receptor ligation. In contrast, neither DcR1 nor DcR2 mediates apoptosis, due to the complete and partial absence of an intracellular DD, respectively (Fig. 1) . TRAIL induces apoptotsis and its mRNA has been detected in peripheral blood lymphocytes, spleen, thymus, prostate, ovary, small intestine, colon and placenta [50] , but the biological roles of TRAIL in ovarian tissues are not yet fully understood. Notably, its roles in granulosa cell apoptosis have not been elucidated.
To determine the role of TRAIL and its receptor in the regulation of porcine follicular atresia, we first examined levels of mRNA and protein by RT-PCR and western blotting in granulosa cells and the distribution of TRAIL and its receptor, DR4, by immuno-histochemistry in the ovary [51] . We demonstrated that the levels of TRAIL mRNA and protein increased during follicular atresia ( Fig.  4A and B) . TRAIL was expressed in granulosa cells and increased during follicular atresia [51] . DR4 was detected in granulosa cells, and showed no significant change during atresia (Fig. 4B) [51] . DR5 was also detected in granulosa cells of both healthy and atretic follicles, whereas DcR1 was found in granulosa cells of healthy follicles but not atretic follicles [52] . Then, we investigated whether TRAIL induces apoptosis in primary cultured porcine granulosa cells derived from healthy follicles. Apoptosis was induced by TRAIL in a dose-and time-dependent manner in the granulosa cells (Fig. 5A ). As shown in Fig. 5B , when DcR1, which lacks an intracellular death domain, was removed from the cell membrane by PI-PLC treatment, a lower dose of TRAIL induced apoptosis [52, 53] . TRAIL has been reported to induce apoptosis in various tumor cells but not in normal cells [46, 50, 54] . Preclinical studies in mice and nonhuman primates have shown that the administration of TRAIL induces apoptosis in human tumors, but is not cytotoxic to normal organs or tissues [54, 55] . The susceptibility of tumor cells to TRAIL and an apparent lack of activity in normal cells have led to the proposed use of TRAIL in cancer treatment.
However, a report that TRAIL induced apoptosis in normal human hepatocytes but not in hepatocytes of rats, mice, or rhesus monkeys [56] , suggests species-specific differences in the mode of action of TRAIL and its receptors. Recent findings partly support our results.
In the chicken ovary, TRAIL mRNA levels were elevated both in atretic follicles and in prehierarchal follicles induced to undergo atresia in vitro [57] . In the adult human ovary, mRNA of TRAIL and its receptors, DR4, DR5, DcR1 and DcR2, was expressed in granulosa cells and oocytes. TRAIL efficiently induced apoptosis in KGN cells [58] . TRAIL may regulate directly or indirectly the apoptosis of granulosa cells. Based on these results, TRAIL has apoptosis-inducing activity in porcine granulosa cells, and DcR1 inhibits TRAIL-induced apoptosis in the granulosa cells of healthy follicles. In healthy follicles, a sufficient amount of DcR1 binds with TRAIL, preventing binding to TRAIL-DRs. In early atretic follicles, the amount of DcR1 on the cell membrane of granulosa cells decreases. Consequently, TRAIL binds with cell-death receptors (DR4 and DR5), and apoptotic signals are transferred to the granulosa cells.
Conclusion
Cell death ligand and receptor systems, TNFα/TNFR2, FasL/ Fas and TRAIL/TRAILRs, have been identified to play crucial roles as initiators and/or inhibitors of apoptosis in granulosa cells of porcine ovarian follicles during atresia. In healthy porcine follicles, TNFR2, DcR1 and anti-apoptotic factors, cFLIP and XIAP, prevent granulosa cells from undergoing apoptosis (Fig. 6A) . In atretic follicles, the binding of TRAIL/TRAILRs and/or FasL/Fas results in the recruitment of an adaptor protein, FADD, and an initiator caspase, procaspase-8. Procaspase-8 is activated, and subsequently transduces signals downstream to effectors to perform granulosa progressed atretic (PA) follicles. TRAIL mRNA levels (TRAIL mRNA/GAPDH mRNA ratio) in granulosa cells were determined, and the increase relative to healthy follicles was calculated (A). Levels of TRAIL and DR4 proteins in granulosa cells were quantified by Western blotting and the increase relative to healthy follicles was calculated (B). Data are the mean ± SEM. * and **, P<0.05 and 0.01, respectively, vs. each healthy sample. Modified from Inoue et al. [51] . [51] . Inhibitory effect of DcR1 on TRAIL-induced apoptosis (B). No apoptosis was induced by TRAIL treatment (0, 10, 50 or 100 ng/ml) in porcine granulosa cells without PI-PLC pretreatment (-). In the cells pretreated with PI-PLC (+), apoptosis was induced by TRAIL in a dose-dependent manner. *, P<0.001 vs. vehicle control. Modified from Wada et al. [53] .
cell apoptosis (Fig. 6B) . In fertile individuals, ovarian follicles undergo cycles of growth and development induced by gonadotropin. Steroid and peptide hormones, local ovarian growth factors, and anti-apoptotic/pro-apoptotic factors help to prevent granulosa cell apoptosis. Identifying the precise mechanism by which cell death ligand and receptor systems induce apoptosis should help us to control follicular development and rescue more oocytes.
